













CR 7 1 1 1 1 
'MENT 
YSICS 
FROM LIGHT PASS 








P / P  / 
NASA Grant #NGR 31-003-032 
Office of Research Grants and Contracts 
Code SC, National Aeronautics and Space Admin. 
1520 H Street, N* W. 




Stevens I n s t i t u t e  of Technology 
Department of Phvsics 
Castle Point S t a t i o n  
Hoboken, New Je r sey  
RID-SHIFT ARISING FROM LIGHT PASSAGE 




HASA Grant #NGR 31-003-032 
Off ice  of Research Grants and Contracts  
Code SC, National Aeronautics and ?pace Admin. 
1520 FI Street ,  N. !J. 
Washington 25, D. C. 
RED-SIIIF? ASISIGC, FYO!! LIG!IT PASSAGE I11 A !?AGlIETIC FIEi!l 
I n  an ea r l i e r  report', t h e  modus operandi f o r  a t t ack ing  t h e  problem 
of  l i g h t  propagation i n  a magnetic f i e l d  was set f o r t h .  Yith reqard t o  t h e  
more o r  l e s s  obvious approach o f  develoning a magnetic Delbruck s-matrix 
theory  similar t o  t h e  a l ready  knom e l e c t r o s t a t i c  Delbruck, a recent  
publ ica t ion  by Kaitna and Urban2 provides t e s t i m o n i a l  t o  t h e  i n t r a c t a b l e  
na ture  of  t h i s  formalism. 
Thus, t h e  new scheme suggested of r ep lac ing  t h e  over t  i n t e r a c t i o n  of 
l i g h t  with t h e  vacuum i n  t h e  presence of an e x t e r n a l  magnetic f i e l d  (symbolical ly  
r e f e r r e d  t o  as y-H) by t h e  equivalent  y-y s t imula ted  process  assumes g r e a t e r  
s ign i f icance .  The present  d i sc losu re  concerns p r imar i ly  t h i s  aspec t  o f  dea l inq  
w i t h  t h e  red-sh i f t  o f  l i g h t  i n  t r a n s i t  throilRh a magnetic f i e l d .  
3 The researches of Gatland, Gold and ldoffat form t h e  background f o r  t h e  
s t imula ted  photon-photon s c a t t e r i n g  i n  which t h e  vacuum p o l a r i z a t i o n  p lays  a 
v i t a l  r o l e ,  The magnetic f i e l d  i s  replaced by an e f f e c t i v e  r a d i a t i o n  f i e l d  
a s soc ia t ed  w i t h  t h e  cyc lo t ron  resonances. The c e n t r a l  quest ion then arises 
as t o  t h e  dens i ty  of such photons requi red  t o  s imulate  t h e  s t r eng th  o f  t h e  
prevailing megnetic f i e l d .  
Conceptually, it appeared t h a t  t h e  wave func t ions  f o r  t h e  Dirac equat ion 
embodying t h e  magnetic vec to r  p o t e n t i a l  should r e f l e c t  t h e  r e l a t i v e  number dens i ty  
of photons f o r  t h e  fundamental and harmonics of t h e  cyclotron r a d i a t i o n .  In  
cons ider ing  t h e  p m c e s s  of p a i r  production i n  a d.c. magnetic f i e l d ,  Rob1 




various d e n s i t i e s  of cyclotron photons can be estirns+,e.d, The u n i t  of  
quantized f lux e n t e r s  i n  an important way i n  de f in ing  t h e  photon d e n s i t i e s  
f o r  t h e  d i f f e r e n t  frequency cornponents of t h e  r a d i a t i o n  f i e l d ,  I t  w i l l  
be shown t h a t  t h e  cont r ibu t ion  of each cyclotron resonance t o  t h e  
s t imula ted  c ros s  sec t ion  f a l l s  o f f  f a s t e r  than ''n! where n = 0,1,2,3 ... 
for  t h e  d ive r se  d i s c r e t e  f requencies .  
The St imulated Photon-Photon Sca t t e r ing  Model f o r  t h e  I n t e r a c t i o n  of Light 
with a rlagnetic F ie ld  
The d.c. magnetic f i e l d  can be replaced by a photon f i e l d  of energy 
w and dens i ty  n i n  a l l  d i r e c t i o n s .  Atomic u n i t s  are employed with h = c =*1. 
Fig. 1 desc r ibes  t h e  circumstance of a photon beam of energy wo t r a v e r s i n g  
t h e  reg ion  permeated by cyc lo t ron  frequency photons 
i i 
, n = 0, 1, 2 ,  3, ... (1) 1 w = ( n + - )  w i 2 c  
which fol lows from t h e  Landau l e v e l s  f o r  e l e c t r o n s  ( o r  p o s i t r o n s )  i n  a 
magnetic f i e l d .  It i s  assumed t h a t  w > > w w i t h  t h e  supposi t ion t h a t  
s t imu la t ion  occurs  when w '  ; w 
0 
( t h i s  may be an overes t imate) ,  i , e .  Au = W. 
Since y-y s c a t t e r i n g  i s  predominantly s-wave an average over  8 i s  reasonable.  
i' The  red-sh i f t .  w,, i s  then  of t h e  order  of w I\ 
I n  a manner a l ready  descr ibed3,  t h e  forma.l.ism f o r  y-y i n t e r a c t i o n  based 
upon t h e  c losed   loo^ Feynman graphs can beinvoked t o  allow f o r  t h e  r o l e  of  t h e  
vacuum p o l a r i z a t i o n .  
t h e  modulus squared amplitude i n  s tandard nota t ion5  is given by 
2 2 Employing the  Lorentz va r i ab le s  S = (P1 + P , t = - P3) , 2 
-2- 
2 t  Noting t h a t  11 +s I ; 1, and s ince  
t h e  p a r t  of the  y-y cross-sect ion which can be s t imula ted  is 
t h e  s t imu la t ion  f a c t o r  being 
i n 
0 3  
4 3  
3 i  
- nu 
Hence, the t o t a l  s t imula ted  cross sec t ion  becomes 
The number of s c a t t e r i n g  events per u n i t  path f o r  each wo photon i n  the 
presence of the w. photons when averaged over a l l  angles  of 8 ( 11 - cos e l  % -) 
is found t o  be 
1 
1 ' L n  
-3- 
\ 
To allow f o r  a l l  i kinds of photons as spec i f i ed  by (l), both r e l a t i o n s  
( 6 )  and ( 7 )  must be summed appropr ia te ly .  Thus 
2 
( P (8)  
m 
t o t  a1 
i 1200 K 
with a similar expression f o r  (pan. so  t h a t  t h e  mean f r e e  path X can 
1 t o t a l  
be expressed as 
Next t h e  energy lo s s  per  u n i t  path length follows: 
This  r e s u l t  implies  a red-sh i f t  a r i s inE  i ' ra t h s  znergy decradat ion.  The 
method of  a n a l y t i c  cont inua t ion  w i l l  permit s p e c i f i c a t i o n  of t h e  index 
of r e f r a c t i o n  assoc ia ted  v i t h  t h e  absorpt ive loss.  
-4- 
t h  I d e n t i f i c a t i o n  of n, t h e  l imber Density of i--Type Photons 
To proceed f u r t h e r  w i t h  t h e  equivalent  model ou t l i ned  f o r  t h e  
vacuum po la r i za t ion  produced by l i g h t  i n  t h e  presence of (i d,c. magnetic 
f i e l d ,  it is  e s s e n t i a l ' t o  charac te r ize  n 
ing t o  t h e  wave func t ions  associated with t h e  r e l a t i v i s t i c  Landau l e v e l s  
This can be achieved by r e f e r r -  i' 
deduced from t h e  Dirac equation. The conf igura t ion  where t h e  magnetic f i e l d  
i s  orthogonal t o  t h e  d i r e c t i o n  of  l i g h t  propagation (as shown i n  Figure 2 )  





Yi-. N =  (11) 
where n corresponds t o  t h e  in t ege r s  i n  (1) f o r  t h e  Landau energy levels and 
L denotes t h e  beam width. The parameter X f  r epresents  t h e  c h a r a c t e r i s t i c  
l eng th  a s soc ia t ed  with t h e  quantized magnetic f lux 
2 - 4lc 




It is reqiili-ed that m 
@ some oersted-cm . 
> &?!e = 0 with t h e  smallest value of t h e  f l u x  
Now t h e  square of t h e  wave funct ion amplitude r e l a t e s  t o  t h e  w dens i ty  i * 
so t h a t  
-5- 
* See Appendix 
Consequently t h e  r e l a t i o n s  ( 6 )  - (10) may he e x p l i c i t l y  evaluated w i t h  t h e  
r e s u l t a n t  f ind ings :  
The f i n a l  r e s u l t  f o r  t he  s t imulated c ross  sec t ion  t akes  t h e  form 
revea l ing  a 3/2 power dependence upon t h e  ex te rna l  magnetic f i e l d ;  each cyclotron 
harmonic con t r ibu te s  an increas ingly  smaller  amount t o  t h e  i n t e g r a t e d  s t imula ted  
c r o s s  sec t ion  
01 
e 2 139 fi 
1200 P2 m 
w 
.5/zr2 , 0 * - 
7 L2 
= 
0 ( a t o t  a1 
n=o 
The ind iv idua l  con t r ibu t ions  t o  t h e  absorpt ion may be w r i t t e n  as 
1 n + -  2 2 
p a  ni = F . ( w o H )  2 22n(n: 
where F i n  t h e  abbrevia t ion  
whence the  mean free pa th  becomes 
The inc iden t  photon beam a t t e n u a t e s w i t h  the square of ooH 
e n t r y  of t he  fundamental and lower harmonics of t he  cyclotron resonances. 
w i t h  t h e  major 
The energy degradat ion can then be expressed as follows: 
n=o 





A t  t h i s  s t age  it i s  evidenced t h a t  t h e  v i r t u a l l y  i n t r a c t a b l e  e x t e r n a l  
f i e l d  problem of photon s c a t t e r i n g  can be replaced by a more l u c i d  s t imulated 
photon-ghoton process.  The ca l cu la t ions  a r e  wel l  on t h e  way t o  see ahead 
t o  t h e  u l t ima te  appra i sa l  of  t h e  r ed - sh i f t  and t h e  experimental  requirements 
f o r  i t s  obseruat ion.  
con t ro l l ab le  parameters of l i g h t  frequency and magnetic f i e l d  s t r eng th  can be 
perceived. 
r/ 
/ Nonetheless, the  o u t l i n e s  of t h e  r o l e  played. by t h e  
I n  connection w i t h  t h e  underlyinq y-y i n t e r a c t i o n ,  it may be of i n t e r e s t  
t o  realize t h a t  t h e  p o s s i b i l i t y  of  l i g h t  s c a t t e r i n g  by l i g h t  was f i r s t  experi-  
menta l ly  looked 
cross-sect ion f o r  y-y must l i e  below 
observe t h e  e f f e c t  . Quantum electrodynamic theory  su re ly  supports  such a 
conclusion. 
some t h i r t y  f i v e  years  ago: It was est imated t h a t  t h e  
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Caption: y-y Analogue of the y-H Interaction in a Vzcuun 
Magnetic field H replaced by an equivalent photon field connected with the 
cy210trcz rn_diat.ion of the virtual electron-positron pair. 
coming lisght beam which becomes shifted by an amount w 
process indicated. 
+ 
w is the in- 




Caption: Orthogonal Configuration of External  Flagnetic F ie ld  $ with Light 
Beam w- Having Cross Sec t iona l  Area L 2 . 
1 = - I {  with AZ = 0, 1 Dirac equation then  contains  . 
giving r ise t o  wave func t ions  having normaiizaticii  factors given by 




The scheme o f fe red  here  allows a first desc r ip t ion  of  n t o  at least i 
determine t h e  form o f  i t s  behavior. The analysis which follows is  t o  be 
taken as a first approach t o  t h e  problem A n  imnroved vers ion based upon 
a cyclotron r a d i a t i o n  f i e l d  assoc ia ted  with t r a n s i t i o n s  between t h e  var ious  
energy l e v e l s  i n  (1) w i l l  e n t a i l  matrix elements incorpora t ing  t h e  appropr ia te  
wave func t ions  for t h e  upper and lower states. But it can be seen t h a t  t h e  
form of (13) w i l l  be preserved. %ture  s tudy w i l l  hopeful ly  c l a r i f y  and 
i* st rengthen  t h e  theory  of  t h e  equivalent  photon dens i ty  n 
-12- 
